ABSTRACT: Cervids host multiple species of ixodid ticks, other ectoparasites, and a variety of rickettsiae. However, diagnostic test cross-reactivity has precluded understanding the specific role of deer in rickettsial ecology. In our survey of 128 Columbian black-tailed deer (Odocoileus hemionus columbianus (Richardson)) and their arthropod parasites from two northern Californian herds, combined with reports from the literature, we identified four distinct Anaplasma spp. and one Ehrlichia species. Two keds, Lipoptena depressa (Say) and Neolipoptena ferrisi Bequaert, and two ixodid ticks, Ixodes pacificus Cooley and Kohls and Dermacentor occidentalis Marx, were removed from deer. One D. occidentalis was PCR-positive for E. chaffeensis; because it was also PCR-positive for Anaplasma sp., this is an Anaplasma/Ehrlichia co-infection prevalence of 4.3%. 29% of L. depressa, 23% of D. occidentalis, and 14% of deer were PCR-positive for Anaplasma spp. DNA sequencing confirmed A. bovis and A. ovis infections in D. occidentalis, A. odocoilei in deer and keds, and Anaplasma phagocytophilum strain WI-1 in keds and deer. This is the first report of Anaplasma spp. in a North America deer ked, and begs the question whether L. depressa may be a competent vector of Anaplasma spp. or merely acquire such bacteria while feeding on rickettsemic deer. Journal of Vector Ecology 41 (1): 41-47. 2016.
INTRODUCTION
Several species of ixodid ticks feed abundantly upon mule deer (MD, Odocoileus hemionus) in California (Furman and Loomis 1984) , suggesting that deer may serve as reservoir hosts of multiple tick-borne disease agents. Indeed, earlier studies of deer as hosts for tick-borne rickettsiae in California focused on the bovine pathogen Anaplasma marginale, with some of the highest seroprevalences recorded in the Sierra Nevada and coast range mountains (Chomel et al. 1994 , Roug et al. 2012 . Unfortunately, serological cross-reactivity between A. marginale and A. ovis precluded differentiation of those two veterinary pathogens (Scoles et al. 2008) . Anaplasma phagocytophilum sensu stricto infects Columbian black-tailed deer (BTD, O. hemionus columbianus), and elk (Cervus elaphus) (Foley et al. 1998) , whereas A. ovis and the recently described species A. odocoilei (Foley et al. 1998 , Yabsley et al. 2005 ) infect BTD and MD (O. hemionus hemionus) (Yabsley et al. 2005) . The primary agent of monocytic ehrlichiosis (ME) in people is E. chaffeensis, and the reservoir host in the eastern United States is the white-tailed deer (WTD; O. virginianus) (Paddock and Childs 2003) . A few human cases of ME have been reported in California (Vector-Borne Disease Section 2014), though molecular confirmation is lacking and WTD are not present in the state.
Deer abundance and geographical ranges have increased considerably in North America east of the Rocky Mountains, which may partially explain the increased prevalence of ticktransmitted diseases over the last few decades (Wilson et al. 1988 ). On the other hand, MD numbers have declined markedly in California since the 1960s. The co-existence of closely related species and diagnostic test cross-reactivity have complicated our understanding of the ecology of Ehrlichia species and thus the precise roles of deer as hosts or reservoirs of zoonotic pathogens (E. chaffeensis and A. phagocytophilum) or livestock (A. bovis, A. marginale, A. ovis, and A. phagocytophilum) await clarification.
Here, we used modern molecular techniques to survey BTD and their ectoparasites from two ecologically different sites and widely separated herds in northern California for their associated Anaplasma and Ehrlichia pathogens. Furthermore, we describe the phylogenetic relatedness of pathogens detected in BTD and their ectoparasites to highlight their regional, host, and vector associations.
MATERIALS AND METHODS
Deer were collected at the University of California Hopland Research and Extension Center (HREC) in Mendocino County in seven separate years from 1984 to 2002, and at the Dye Creek Preserve (DCP) in Tehama County, CA, in nine years from 1986 to 2002 (Table 1) . The HREC is a 2,168 ha agricultural sciences research facility in southeastern Mendocino County and westcentral Lake County (39°00´N, 123°04˝W). It ranges in elevation from 152 to 900 m on the western slopes of the Mayacmas Mountains in the Russian River Valley. The landscape consists of rolling hills interspersed with ravines and covered by seven vegetational types, with slightly more than one-half of the ground cover composed of woodland-grass and chaparral (Heady 1961) . The climate is Mediterranean with hot, dry summers and cool, moist winters.
The DCP is located approximately 21 km southeast of Red Bluff in east-central Tehama County at the northeastern end of the Sacramento Valley (40°6'11.14"N, 122°2'41.39") (Barrett 1978) . The preserve is a working cattle ranch and is now under stewardship of the Nature Conservancy. It encompasses roughly 15,000 ha and ranges in elevation from 76 m on the Sacramento Valley floor to 762 m in the foothills. There are eight vegetational types at the DCP, ranging from sparse annual grassland to dense foothill woodland (Barrett 1978) . The climate also is Mediterranean.
Collection and processing of samples
Adult male deer ≥2 years old were taken by shooting during either the coastal (HREC) or inland (DCP) hunting seasons spanning parts of August to September and October to November, respectively. Because deer were collected by licensed sport hunters, IACUC and other institutional approvals were not required. Blood was collected from the body cavity, heart, jugular vein or other large veins in the abdominal or thoracic cavities at a hunter check-out station (HREC) or by individual hunters (DCP) within minutes to a few hours postmortem. After clotting at ambient temperature, the whole blood samples were held at ≈4˚ C until they could be centrifuged one to several days later. The sera and, in some cases, the clots were kept frozen at 74 to 80° C prior to testing. In 2002, deer were inspected for the presence of ectoparasites, especially hippoboscid flies (deer keds) and ixodid ticks. Deer were inspected systematically by one of us (RSL) or someone trained by him for approximately 5 min per animal. Anatomic sites typically infested with ixodid ticks, such as the ears, head, axillary, and inguinal regions, were examined rigorously. In spring and summer 2003 and 2004, 11 host-seeking adult keds that landed on one of us or on nearby objects during the daytime were captured by hand at the HREC. Keds and ticks were preserved in 70-95% ethanol for later identification and testing. The keds were identified to species using a key to Hippoboscidae (Furman and Catts 1982) .
Detection of bacteria by PCR and DNA sequencing analysis
DNA was extracted with a commercial tissue-extraction kit (DNeasy Kit, Qiagen, Valencia, CA). Keds and ticks were soaked in double-deionized water for 10 min before grinding them with ATL buffer (from the Qiagen kit), and the whole arthropod was then used in extraction. In the case of deer serum, 50 ml was used for extraction following the manufacturer's non-nuclear bloodsample protocol. DNA was eluted in a final volume of 100 ml of AE buffer for all extractions. Infection with A. phagocytophilum was detected with two sets of primers in a nested PCR format that targets the 16S rRNA gene of the genogroup (Massung et al. 1998) . The primers are ge3a and ge10r for the first round and ge9f and ge2 for the second round. Reaction conditions were as published. PCR targeting of the 16S rRNA gene of E. chaffeensis was used as well, as described previously . PCR and extraction were performed in separate rooms on uncontaminated surfaces using plugged pipette tips in all manipulations. In all PCR runs, DNA samples that previously had been sequence-confirmed as positive were included as positive controls and distilled water was included as a negative control. For each PCR-positive sample, cycle sequencing was carried out using the Big Dye Cycle sequencing Kit (PE Applied Biosystems, Foster City, CA). PCR products were sequenced in both directions. Sequences have been submitted to GenBank and accession numbers are pending.
Statistical analyses
We compared the prevalence of Anaplasma spp. infection in deer from the two sites using a chi-square contingency test with Yates correction for continuity. Chi-square also was used to compare the prevalence of Anaplasma spp. among ked species. A 5% level of probability was set for rejecting the null hypothesis. DNA sequences were matched to a database of accessions using the BLAST tool (http://blast.ncbi.nlm.nih.gov/Blast.cgi). To display phylogenetic relationships among amplicons, all DNA sequences were examined visually for quality control and corrected manually if indicated, in particular end-read errors. Sequences were aligned with Clustal X and then maximum-likelihood trees constructed using the software CLC Workbench (Qiagen, Valencia, CA).
RESULTS
Blood and ectoparasites obtained from 56 BTD at DCP and 72 from HREC by convenience sampling yielded evidence of infection with multiple rickettsial pathogens. Two PCR reactions were performed on deer blood samples: one specific for E. chaffeensis and the other a general reaction targeting various Anaplasma spp. Ehrlichia chaffeensis DNA was not detected in deer from either locality. When using the Anaplasma PCR, however, six of 56 (10.7%) DCP deer were PCR-positive vs 12 (16.7%) of 72 HREC deer, an insignificant difference (χ 2 = 0.50, p = 0.48). In total, 97 keds of two species were removed from deer from both localities. They included 32 Lipoptena depressa from the DCP vs 41 from the HREC, and 11 Neolipoptena ferrisi from the DCP vs 13 from the HREC. In addition, 11 host-seeking L. depressa were caught by hand at the HREC. No ticks were found on deer at the HREC. At the DCP, we collected one adult I. pacificus and 22 adult DNA sequencing and BLAST searching reconfirmed that the co-infected tick contained E. chaffeensis, with a homology of 98% to the West Paces E. chaffeensis strain, GenBank accession CP007480.1. The results of the sequence analyses for the Anaplasma PCR-positive amplicons from deer and ectoparasites are displayed in Table 2 ; in a few cases, amplicons could not be sequenced because the reactions were relatively weak. Four different Anaplasma spp. were detected, including one A. bovis and three A. ovis from D. occidentalis. Twenty sequences matched A. odocoilei, including one from a BTD at the DCP, nine from BTD, and ten from L. depressa keds at the HREC. We also found a strain of A. phagocytophilum that had a 99% homology to strain WI-1 in seven L. depressa keds and four BTD from the HREC and three L. depressa keds and three BTD from the DCP. The one coinfected D. occidentalis tick contained A. ovis and E. chaffeensis.
All of the Anaplasma-infected D. occidentalis ticks were removed from the same deer (Teh02-6), but unfortunately a blood sample was not available from this animal for comparative purposes. One Anaplasma PCR-positive deer from the DCP (TEH02-12) yielded an Anaplasma-infected L. depressa ked: both the deer and ked contained A. phagocytophilum WI-1 DNA. One deer from the HREC (DA02-7) whose serum was PCR -positive for Anaplasma yielded seven infected L. depressa keds. This deer and five of its keds contained A. phagocytophilum WI-1 DNA, while the remaining two infected keds harbored A. odocoilei.
DISCUSSION
Mule and white-tailed deer are important hosts of multiple human-biting ixodid tick species in North America, often experiencing a high intensity of infestation with I. pacificus, I. scapularis, D. occidentalis, and Amblyomma americanum (Furman and Loomis 1984 , Westrom et al. 1985 , Wilson et al. 1988 , Paddock and Yabsley 2007 . The low intensity of infestation in both deer herds we sampled was due to the fact that convenience samples were only available during the summer (HREC) or mid-fall (DCP) hunting seasons when questing activity by I. pacificus adults is minimal Loomis 1984, Westrom et al. 1985) . Deer also host ectoparasites that do not bite humans but that potentially may serve as vectors of enzootic pathogens, including D. albipictus and D. hunteri ticks as well as keds, fleas, and lice. Here, we present evidence for a diverse assemblage of rickettsiae in deer and their attendant ectoparasites, Anaplasma spp. infection for the first time in a North American species of hippoboscid fly, L. depressa, and the seminal discovery of E. chaffeensis DNA in a Pacific Coast tick (D. occidentalis) removed from a BTD, expanding on an earlier finding of E. chaffeensis DNA in this tick species (Holden et al. 2003) .
Twenty (45%) of the 44 amplicons we sequenced, including ten from BTD and ten from the ked L. depressa, are identical to the recently named species A. odocoilei, formerly the "WTD agent" (Dawson et al. 1996 , Tate et al. 2013 ). This organism infects platelets of deer and, though it is widespread across the United States, its clinical, zoonotic, and epidemiological significance are not known. Among WTD, infection prevalences as high as 99% have been reported in some states (Arens et al. 2003) . Anaplasma odocoilei was found previously in the West as well, with PCR prevalences ranging 38-73% in MD and BTD in California (Foley et al. 1998 , Yabsley et al. 2005 ). In the eastern United States, the lone star tick (A. americanum) has been implicated as the primary vector of A. odocoilei based on epidemiological evidence and PCR detection in wild-caught ticks, though experimental transmission trials have failed to substantiate that it is a competent vector (Brandsma et al. 1999 , Tate et al. 2013 ). We consider it unlikely that I. pacificus transmits A. odocoilei in California, given that this rickettsia has not been detected among several thousand I. pacificus nymphs or adults assayed with various PCR protocols from several regions of the state , Barlough et al. 1997 , Kramer et al. 1999 , Lane et al. 2001 , Holden et al. 2003 , Lane et al. 2004 ). The novel discovery of A. odocoilei in a fairly high percentage of L. depressa keds removed from BTD in conjunction with the inability of ticks to experimentally transmit this rickettsia to naïve cervids indicate that keds should be evaluated as potential vectors. On the other hand, any hematophagous arthropod that feeds on a parasitemic host may acquire rickettsiae or other pathogens. The detection of both A. odocoilei and A. phagocytophilum strain WI-1 (see below) in L. depressa nonetheless are the seminal discoveries of any Anaplasma species in a North American deer ked. In the Czech Republic, L. cervi keds removed from roe deer (Capreolus capreolus) were infected with A. phagocytophilum and the Eurasian Lyme disease spirochete Borrelia garinii (Hulinska et al. 2002) . Similarly, the same ked species from Belgium and the Netherlands was PCR-positive for A. phagocytophilum, and DNA sequencing of the groEL gene revealed that the strain in keds clustered within "ecotype I, " which infects people, dogs, horses, deer, mufflon, and other wildlife species in Europe (Jahfari et al. 2014) . In contrast, we showed previously that adult L. depressa (n=73) and N. ferrisi (n=24) that had been removed from deer from both study areas in 2002 were PCR-negative for borreliae (Lane et al. 2005a) .
After emerging from the pupal stage, the volants or winged adults of deer keds disperse and seek their preferred cervid hosts (Westrom and Anderson 1992) . After alighting on a cervid, they detach their wings basally within 48 h and become permanent hematophagous ectoparasites (Hare 1945) . At this point in their life cycle, keds can only be transferred from host-to-host by direct contact, such as that which occurs during mutual grooming or nursing by fawns as was shown for L. mazamae keds infesting WTD in southern Texas (Samuel and Trainer 1972) . Lipoptena depressa is the most abundant ectoparasite of BTD at the HREC (Westrom and Anderson 1992) . The Anaplasma-infected L. depressa keds detected during the present study presumably acquired their infections while feeding on bacteremic deer. We postulate that keds could transmit Anaplasma spp. horizontally from an infected to a noninfected deer following direct contact among animals.
We also hypothesized that keds may transmit Anaplasma spp. transovarially, and assessed this theory by testing 11 volants of L. depressa that landed near or on one of us for infection with Anaplasma and Ehrlichia spp. Although these volants were PCRnegative, a much larger sample size from an enzootic site must be tested before transovarial transmission can be ruled out. North American keds including L. depressa should be further evaluated for presence of Anaplasma spp. infections and their vector competence for such rickettsiae assessed experimentally.
Deer and keds at both sites tested positive for a strain of A. phagocytophilum that closely matches the isolate "WI-1" detected previously in WTD from Wisconsin (Michalski et al. 2006) . That study specifically focused on sites where there was a low prevalence of the pathogen and found only non-zoonotic strains in deer, including WI-1 and the related "Ap-variant 1. " The latter is a strain of A. phagocytophilum that has only been detected in deer and ticks, and experimentally infects goats but not laboratory mice , Massung et al. 2005 . Interestingly, I. scapularis ticks in the Wisconsin study were not infected with WI-1 but did carry both Ap-variant 1 and zoonotic strains. Examination of our data in light of this earlier finding suggests that WI-1 might also be transmitted by keds.
The minimally studied pathogen A. bovis was detected in a D. occidentalis tick from a BTD at the DCP. This rickettsia was found previously in this tick in 4% of host-seeking D. occidentalis collected from chaparral and dense woodlands at the HREC (Lane et al. 2010) . Anaplasma bovis also was found on Nantucket Island, MA, in an enzootic transmission cycle involving the cottontail rabbit Sylvilagus floridanus and the rabbit tick Haemaphysalis leporispalustris (Goethert and Telford 2003) . First described in 1936 (Donatien and Lestoquard 1936) , it is now known to occur in buffalo and cattle from Africa, the Middle East, and South America (Stewart 1992) . A. bovis may have been introduced at the DCP with domesticated livestock during the 1840s when Dye (for whom the Preserve is named) and other men established rancheros along the Sacramento River in Tehama County (Barrett 1978) . Although we detected A. bovis DNA in D. occidentalis infesting a BTD, H. leporispalustris is common in northern California too, including the HREC, and could support the persistence of this pathogen locally as well. This tick commonly feeds on birds (Furman and Loomis 1984) , and thus it is possible that infested migratory birds brought infective ticks into this ecosystem. Further surveillance for this veterinary pathogen in cattle and ticks in the area is warranted.
The A. marginale (A. marginale, A. ovis, and A. centrale) clade of rickettsial pathogens likewise was present in the ectoparasites of the BTD we studied. Anaplasma ovis was detected in host-seeking D. occidentalis from the HREC (Lane et al. 2010) and in the same tick species removed from BTD from the DCP during the present study. Anaplasma ovis can cause disease in sheep and goats, and it may produce inapparent or mild infections in cattle and deer (Holt et al. 1984, Davidson and Goff 2001) . Researchers in Cyprus reported A. ovis infection in a woman that presented with a febrile illness and a history of a tick bite (Chochlakis et al. 2010) . There are multiple indications of circulation of A. ovis among cervids in the western United States using molecular techniques (Yabsley et al. 2005) , and many reports of A. marginale seropositive deer (Chomel et al. 1994 , Scoles et al. 2008 , Roug et al. 2012 . We suspect that many, if not most, infections attributed to A. marginale prior to the advent of molecular techniques were erroneous because that rickettsia and A. ovis cross-react in commonly used serologic assays (Visser et al. 1992 , Scoles et al. 2008 .
Eight species of ticks including one Ornithodoros species, six Dermacentor species, and a Rhipicephalus species have been demonstrated experimentally to be capable of transmitting A. ovis biologically (Davidson and Goff 2001) . The pathogen can be maintained in a sheep-tick cycle (Herms and Howell 1936) and plausibly deer-tick cycles as well (Kocan and Stiller 1992 , Paddock and Yabsley 2007 , Yin and Luo 2007 , Derdakova et al. 2011 . Further research to identify the primary tick vectors, clarify possible sheep-deer-tick interactions, and evaluate possible zoonotic risk of this pathogen is warranted. Our findings and those of Lane et al. (Lane et al. 2010 ) incriminate D. occidentalis as a likely vector of A. ovis.
Ehrlichia chaffeensis DNA was detected in a single D. occidentalis tick from the DCP. Human ME is usually due to E. chaffeensis infection, typically transmitted in central North America from its WTD reservoir by the lone star tick A. americanum (Paddock and Yabsley 2007) . Considerable expansion in range and abundance of WTD and their associated ticks account for increases in human cases in other areas as well (Paddock and Yabsley 2007) . To date, no human cases acquired in the western United States have been confirmed either by molecular diagnostics or culture, though serological evidence of human exposure has been reported (Vugia et al. 1996 , Centers for Disease Control and Prevention 2013). In California, E. chaffeensis PCR-positive ticks are rare but include D. occidentalis, D. variabilis, and I. pacificus at the HREC and elsewhere (Kramer et al. 1999 , Holden et al. 2003 ) (J. Mun and R. S. Lane, unpubl. data) . Serosurveys in deer have not reported evidence of infection in MD or BTD, a subspecies of MD, with E. chaffeensis. Thus, the primary vector and reservoir host in California are unknown. Ongoing assessment of the ecology of this pathogen is needed to clarify risk factors for the disease in humans and to monitor its geographical distribution and potential emergence in the state.
Three pathogens that were not detected in the current study but which have been confirmed by DNA sequencing previously in western gray squirrels from the HREC or in deer from nearby sites are A. phagocytophilum sensu stricto, the Ap-variant 1 of A. phagocytophilum, and A. marginale (Foley, unpubl. data) (Foley et al. 1998 , Lane et al. 2005a . Clinical human granulocytic anaplasmosis (GA) is not common in the far-western United States despite extensive PCR and serological evidence of infection in horses, dogs, and wildlife throughout the coast ranges and Sierra Nevada foothills (Madigan 1993 , Chae et al. 2000 , Foley et al. 2004 , Carrade et al. 2011 . Ixodes pacificus is almost certainly the primary bridging vector for transmission of A. phagocytophilum sensu stricto from its western North American sylvatic cycles involving sciurids to humans, dogs, and horses (Richter et al. 1996 , Lane et al. 2005b , Nieto and Foley 2008 , 2009 , Rejmanek et al. 2013 ). Some molecular studies found A. phagocytophilum in cervids including WTD and elk (Belongia et al. 1997 , Foley et al. 1998 ). We posit that many earlier studies describing A. phagocytophilum DNA or antibodies in deer probably were either actually A. odocoilei or the Ap-variant 1 because researchers were able to differentiate among those species at the time. In Europe, most infections in cervids are due to non-zoonotic strains (Petrovec et al. 2002) .
Together, current and prior studies underscore the fact that MD and WTD support a diverse suite of Anaplasma and Ehrlichia spp., and that DNA-based (vs serologic) assays are essential for illuminating their overlapping ecologies. In the eastern United States, WTD have been implicated as important hosts or reservoirs of A. odocoilei, A. phagocytophilum, E. chaffeensis, and E. ewingii. BTD and other subspecies of MD appear to support an even broader array of rickettsiae. The ecology of these organisms in California differs from that east of the Rocky Mountains and remains poorly understood. Given the diversity of Anaplasma and Ehrlichia spp. in many cervid species plus our discovery of Anaplasma-infected deer keds, future studies should seek to elucidate the potential role of keds as well as ticks as key drivers of their complex, overlapping transmission cycles.
